T he PI3K (phosphoinositide 3-kinase) family of lipid kinases is a central transducer of receptor tyrosine kinase signaling and mutations causing unregulated pathway activation among receptor tyrosine kinases; PI3Ks and inhibitory phosphatases, including PTEN (Phosphatase and Tensin Homologue), are among the most commonly occurring sites of mutations in patients with cancer, including gain-of-function mutations in the p110a class 1A catalytic subunit (gene name: PIK3CA) in women with breast cancer. [1] [2] [3] Cancer therapies can increase the risk of heart disease; anthracycline chemotherapy as well as antibody therapy against HER2 (trastuzumab) and vascular endothelial growth factor pathway inhibitors, [4] [5] [6] [7] [8] [9] [10] [11] which may exacerbate traditional cardiovascular risk factors, are often highly represented in patients with cancer. Activation of the PI3Ka pathway, downstream of HER2, is specifically implicated in causing resistance to trastuzumab. 12 PI3K inhibitors may be most effective in cancer therapy in combination with other receptor tyrosine kinase and oncogenic signaling pathway inhibition, as well as cytotoxic chemotherapy agents, 13 inadvertently increasing the chance of adverse, multiple-hit effects on the heart. 14 Assessment of cardiotoxic cancer therapies in clinical use has focused on left ventricular (LV) remodeling using ejection fraction (EF) as an indicator of reduced heart function. However, EF may not capture important remodeling if cancer therapy-related effects do not follow common heart failure pathophysiological characteristics of increased end diastolic volumes, leading to reduced EF. Heart atrophy is common in patients with cancer on the basis of postmortem measurements, 15 and more specifically in cancer cachexia, 16 but the relevance of heart atrophy for heart function has received little attention, as conventional heart failure is commonly characterized by a larger heart mass. However, PI3K signaling is a key mediator of growth factor signaling and regulation of heart mass, 17 which is notable considering the existing propensity for reduced heart mass from cancer. 15 Cancer cachexia is a syndrome of severe loss of body mass, often involving both lean and fat loss, which is a common complication of advanced cancer and cancer therapies, with potential effects on heart mass and function. 18 We recently reported that patients with breast cancer who have received anthracycline and trastuzumab therapy have reduced heart mass as well as biventricular reduction in function compared with healthy controls, 19 consistent with 2 other concurrent reports of reduced heart mass in patients with cancer receiving anthracycline therapy. 20, 21 The aim of this study was to determine the effect of PI3Ka inhibition on the cardiac structure and function in female murine models receiving cytotoxic anthracycline (doxorubicin) treatment.
Methods
The corresponding author will make the data supporting the findings in this study available if a reasonable request is made.
Animal Use and Drug Treatment Protocols
All animals used were female mice in a C57BL/6 background. Female wild-type mice were treated daily in 5-day cycles with BYL719 (trade name Alpelisib) suspended in corn oil (3.75 mg/mL), or equal volume vehicle, by oral gavage (30 mg BYL719/kg per day), based on dosing previously shown to cause tumor regression by BYL719 in murine models. [22] [23] [24] Mice were treated once weekly with doxorubicin dissolved in dimethyl sulfoxide (5% final) and diluted in saline (1.25 mg/mL), or equal volume vehicle, by IP injection (10 mg doxorubicin/kg per week). For MAPK (p38 mitogenactivated protein kinase) inhibition, mice were treated daily in 5-day cycles with SB202190 dissolved in dimethyl sulfoxide (5% final) and diluted in saline (1.25 mg/mL) given by IP injection (5 mg/kg), a dose previously used to limit weight loss in tumor-bearing mice. 25 Heart-specific genetic deletion of p110a was achieved by breeding mice homozygous for loxP sites (flanked by LoxP; flx) at the p110a gene (PIK3CA), as previously described, 26 with
Cre recombinase under the control of the aMHC (aMyosin Heavy Chain) promoter (The Jackson Laboratory; Tg[Myh6-cre] 1Jmk/J; No. 009074) back crossed 10 generations. These mice were previously shown to have reduced p110a protein in heart tissue. 27 All experiments were performed in accordance with institutional guidelines, the Canadian Council on Animal Care, and the Guide for the Care and Use of Laboratory Animals, published by the US National Institutes of Health (revised 2011). The details on physiological phenotyping, histological and molecular characterization, and statistical analysis used in this study can be found in Data S1.
Results

Cotreatment With PI3Ka Inhibitor and Doxorubicin Results in Heart Atrophy and Increased Mortality
To simulate the potential clinical application of cycles of anthracycline with PI3Ka inhibition, wild-type female mice were treated 4 weeks with weekly doses of doxorubicin and 5/week daily doses of the PI3Ka-specific inhibitor, BYL719 ( Figure 1A ). 27 Phenotyping was performed after 1 to 2 weeks of follow-up to assess persisting effects. Unexpected mortality was observed in the doxorubicin+BYL719 group beginning near the end of the fourth week of treatment and continued
Clinical Perspective
What Is New?
• Inhibition of PI3Ka (phosphoinositide 3-kinase-a) in female mice causes heart atrophy, and when combined with doxorubicin treatment, it caused right ventricular dilation and dysfunction.
• Combination PI3Ka inhibition and doxorubicin treatment caused activation of p38 mitogen-activated protein kinase, which was implicated in adverse remodeling of the heart.
What Are the Clinical Implications?
• Use of PI3Ka inhibitors as cancer therapies has the potential to promote heart atrophy, and the right ventricle may be more susceptible to dysfunction and dilation in this setting.
• Assessment of heart morphological characteristics and function in patients receiving PI3Ka inhibitors should capture heart mass as well as biventricular assessment of morphological characteristics and function.
• Inhibition of p38 mitogen-activated protein kinase is a potential target to mitigate heart atrophy and adverse remodeling. . B, Mice treated with doxorubicin+BYL719 had mortality that continued after treatment was stopped. C, Doxorubicin and BYL719 caused body weight loss. D, Whole body lean mass was reduced by doxorubicin+BYL719, and percentage body fat was reduced by doxorubicin (body composition measured at end of treatment; n=7-12). E, Heart weight (HW), normalized to tibial length (TL), was reduced by doxorubicin and BYL719. F, Cardiomyocyte cross-sectional area outlined by wheat germ agglutinin staining, measured in both the left ventricle (LV) and right ventricle (RV), was reduced by BYL719 in the RV (n=4). G, A 3.5-week treatment protocol caused (H) reduced body weight with doxorubicin+BYL719, but (I) there was no change in average 24-hour food consumption normalized to body weight. J, Doxorubicin+BYL719 treatment caused increased ratio of cardiomyocyte length/width and reduced cardiomyocyte area in the LV and RV (45-82 cells/ventricle from 3 hearts/group). † Doxorubicin effect, over the 2-week follow-up period ( Figure 1B ). Doxorubicin and BYL719 treatment caused gradual weight loss, which was exacerbated in the doxorubicin+BYL719 group ( Figure 1C) , whereas body composition analysis showed that doxorubicin caused loss of fat mass and doxorubicin+BYL719 had a combined negative effect on lean mass ( Figure 1D ). Both doxorubicin and BYL719 caused heart atrophy ( Figure 1E ), which was consistent with reduction in myocyte crosssectional area ( Figure 1F ). These effects occurred in the absence of significant hyperglycemia ( Figure S1A ), a potential metabolic adverse effect of PI3Ka inhibition. We next treated an additional cohort for only 3.5 weeks ( Figure 1G ) for the following reasons: (1) to avoid survival bias in the doxorubicin+BYL719 group, (2) to measure food consumption as a possible confounding cause of weight loss, (3) to collect tissues for molecular investigation under conditions in which direct effects of BYL719 are still present, and (4) to expand our investigation of heart parameters. Although both doxorubicin and BYL719 caused weight loss ( Figure 1H ), daily measurement of food consumption during the third week of treatment showed stable food consumption normalized to body mass ( Figure 1I ). Isolation and characterization of right ventricular (RV) and LV cardiomyocytes in a cohort of vehicle-and doxorubicin+BYL719-treated mice confirmed cellular atrophy (reduced area) and eccentric remodeling (increased length/width) with doxorubicin+BYL719, which was more pronounced in the RV ( Figure 1J ). These results demonstrated a striking increase in mortality and heart atrophy with biventricular cellular remodeling in response to combination doxorubicin+BYL719 therapy.
Biventricular Remodeling Is Characterized by Reduced Stroke Volume and RV Dilation
We then performed functional cardiac characterization using echocardiography and invasive pressure-volume measurements. Echocardiography showed that doxorubicin treatment caused reduced LV chamber diastolic and systolic dimensions, resulting in decreased LV stroke volume, with a further reduction in response to combination therapy with BYL719 coupled with diastolic dysfunction (Figure 2A and 2B; Table 1 ) in the absence of pulmonary congestion ( Figure S1B ). We performed invasive LV pressure-volume analysis to perform load-independent assessment of myocardial contractility, revealing reduced negative maximal rate of contraction and relaxation with doxorubicin treatment ( Figure 2C and Table 1 ). In the 3.5-week treated cohort, distinct LV remodeling was pronounced and characterized by reductions in LV chamber dimensions and stroke volume by BYL719 at this time point ( Figure 2D and 2E) , suggesting that the effects of BYL719 on LV chamber dimensions may have been partially masked by survival bias, doxorubicin effects, and transience of BYL719 effects in the previous cohort that underwent 4+2 weeks of treatment.
In contrast to reduced volumes seen in the LV, the RVs of doxorubicin+BYL719-treated mice (4+2-week protocol) were dilated, had reduced fractional shortening, and had some irregular septal motion; liver weights were reduced with both treatments, not indicating any hepatic edema (Figure 3A and 3B; Video S1). Pulmonary artery acceleration time ( Figure S1B ) and the ratio between LV and RV myocyte cross-sectional area ( Figure S1C ), indicators of pulmonary arterial hypertension, were not significantly altered between experimental groups. Catheterization of the RV was performed 4 to 6 days after the final dose of doxorubicin and 1 to 2 hours after the final dose of BYL719 in 3.5-week treated mice. Relative RV EF was reduced in doxorubicin-treated hearts, with some doxorubicin+BYL719 hearts declining further in relative EF and stroke volume at this early time point. However, there was no alteration in RV filling and peak systolic pressures ( Figure 3C and 3D), consistent with the absence of pulmonary arterial hypertension or overt RV failure. Hearts did not show increased apoptosis (terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling staining) or myocardial fibrosis based on Masson's trichrome and picrosirius red staining in response to doxorubicin+BYL719 ( Figure S1F and S1G). Electrocardiographic analysis confirmed intact heart rate, PR interval, and QRS duration, with significant prolongation of the Bazett's correction QT interval, confirming the presence of cardiomyopathy in the absence of conduction disease in the combination treated mice ( Figure S2 ). Specifically, the normal QRS duration and morphological characteristics rule out the presence of bundle branch block. We have performed an in-depth analysis of the electrophysiological effects of PI3Ka inhibition, which demonstrated that the prolonged corrected QT interval is linked to increased late sodium current. 28 We did not observe evidence of overt RV failure in our model, such as elevated RVEDP (right ventricle end diastolic pressure) ( Figure 3D ), livers were visually normal with reduced weights in treated groups ( Figure 3B ), and there was no evidence of ascites or hepatic edema. We can only speculate that the RV remodeling and dysfunction we observed could progress to overt RV failure. Our results illustrate a unique cardiotoxicity in doxorubicin+BYL719-treated mice, characterized by RV dilation, decreased LV cardiac output, and myocardial contractility in the absence of pulmonary arterial hypertension or significant cellular death.
Cardiomyocyte-Specific Loss of PI3Ka
Potentiates the Susceptibility to Doxorubicin Toxicity
We next used a female, cardiomyocyte-specific p110a deletion mouse strain (aMHC-Cre) to investigate the direct contribution of the loss of cardiomyocyte p110a function to biventricular remodeling in response to doxorubicin. The aMHC-Cre/p110a cohort of doxorubicin-treated mice did not sustain the high mortality rates seen in the doxorubicin+BYL719 group (4+2-week protocol), so a total of 5 weeks of treatment were completed with 2 weeks of follow-up after the last treatment (5+2-week protocol) ( Figure 4A ). Doxorubicin treatment caused body weight loss and cardiac atrophy in the aMHCCre/p110a mice ( Figure 4B ). Transthoracic echocardiography showed a dilated RV, reduced fractional shortening with striking interventricular dependence, and a D-shaped septum in the doxorubicin+aMHC-Cre/p110a group ( Figure 4C ; Table 2 ; Video S2). A second cohort was treated for 4 weeks, and invasive RV catheterization was performed, which confirmed RV dilation and reduced relative cardiac output and EF in the aMHC-Cre/ p110a+doxorubicin group (Figure 4D and 4E; Table 2 ). Histological analysis of the lungs demonstrated no overt changes in the pulmonary vasculature or pulmonary fibrosis in doxorubicin+Cre mice and doxorubicin+BYL719 mice ( Figure S3 ). Doxorubicin treatment reduced LV volume and cardiac output coupled with reduced myocardial contractility, as illustrated by the decrease in end-systolic pressure-volume relationship as well as impaired maximal rate of contraction and relaxation (Figure 4F and 4G; Table 2 ). There was also evidence of diastolic dysfunction in tissue Doppler and isovolumic relaxation time, but not pulse wave Doppler early filling/atrial systole ratio, possibly indicating that load-dependent effects might mask diastolic dysfunction in the pulse wave Doppler early filling/atrial systole ratio parameter. 29 
Molecular Basis for the Biventricular Cardiomyopathy
We next investigated the molecular pathogenesis of the biventricular myocardial remodeling observed in doxorubicin+Cre/BYL719-treated mice. Consistent with adverse remodeling, expression of heart disease markers showed that doxorubicin increased expression of the b-myosin heavy chain isoform with a trend to increase atrial natriuretic factor in doxorubicin+BYL719-treated hearts ( Figure S4A ). Phosphorylation and activation of p38 MAPK, which is suppressed by the PI3K/protein kinase B pathway, 30 are linked to the promotion of atrophy and contractile dysfunction. 31 Activation of p38 MAPK was increased by both doxorubicin and BYL719 treatment, resulting in even higher activation by additive effects in doxorubicin+BYL719-treated hearts ( Figure 5A ). In Journal of the American Heart Association the aMHC-Cre/p110a mice, doxorubicin treatment also resulted in a similar pattern of increased p38 activation in the heart ( Figure 5B ). BYL719, on its own, increased p38 phosphorylation, whereas cardiomyocyte deletion of p110a (Cre) did not, indicating a difference between genetic and pharmacological approaches, possibly because of noncardiomyocyte cells also being affected in the pharmacological model. Activation of p38 is associated with increased oxidation-reduction stress and inflammation 31 ; in heart tissue, expression of proinflammatory cytokines (tumor necrosis factor-a and interleukins 6 and 1b) was not upregulated in either the LV or RV with doxorubicin and BYL719 treatment ( Figure S1E ). However, dihydroethidium fluorescence indicated increased reactive oxygen species production driven by doxorubicin treatment ( Figure 5C ). To understand the translational aspect of these findings, we next investigated p38 MAPK activation and oxidation-reduction stress in female explanted human hearts with dilated cardiomyopathy, a disease that involves both ventricles. Interestingly, both p38 activation ( Figure 5D ) and dihydroethidium fluorescence (Figure 5E ) were increased in both ventricles compared with ageand sex-matched controls with a greater mean p38 level in the RV compared with the LV in hearts with dilated cardiomyopathy. We analyzed FOXO1 (Forkhead Box 01), and SMAD (Mothers Against Decapentaplegic Homolog) 2/3, and atrogin because of their association with muscle atrophy 32 ; however, these pathways did not change in a way that would explain our phenotypic observations with doxorubicin+BYL719 treatment. Nuclear localization of FOXO1 was decreased by doxorubicin in the RV, and Smad2/3 was detected only in nonnuclear fractions ( Figure S4B ). Furthermore, expression of atrogin-1, a regulatory target of FOXO1, was not changed ( Figure S4C ). We next investigated other potential molecular mechanisms of RV dysfunction. Phosphodiesterase 5 was reported to be increased in the RV in the setting of pulmonary arterial hypertension, and phosphodiesterase 5 inhibition improved RV function. 33 In the present study, phosphodiesterase 5 was increased in doxorubicin-treated LV, with a similar trend in the RV ( Figure S4D ). We did not proceed to testing the effects of phosphodiesterase 5 inhibition because phosphodiesterase 5 was not particularly elevated in the doxorubicin/BYL719 group, but others have reported heart protection of phosphodiesterase 5 inhibition in doxorubicintreated mice. 34 Pyruvate dehydrogenase is a metabolic regulator that has also been specifically connected to RV disease. 35 Phosphorylation (inhibitory) was increased in the LV and RV on BYL719 treatment, with no effect of doxorubicin on the LV; but, in the RV, doxorubicin suppressed pyruvate dehydrogenase phosphorylation ( Figure S4E ). Neither phosphodiesterase 5 nor pyruvate dehydrogenase was specifically altered in doxorubicin+BYL719-treated hearts, and they do not correlate with RV dilation and dysfunction in the manner that we observed with p38 activation.
Inhibition of p38 Signaling Partially Reversed the Biventricular Cardiomyopathy
Because p38 MAPK inhibitors are currently in clinical trials, 36 we tested a rescue strategy using a p38 MAPK inhibitor in our Journal of the American Heart Association doxorubicin+BYL719 model. Inhibition of p38 MAPK with SB202190 in the doxorubicin+BYL719 group attenuated weight loss and heart atrophy, with a trend toward retaining whole body fat and lean mass ( Figure 6A ). Cardiomyocyte cross-sectional area was increased in the LV and RV with p38 inhibition ( Figure 6B ). Invasive pressure-volume analysis of the RV showed reduced ventricular volume associated with increased relative EF and cardiac output ( Figure 6C and Table 3 ) in response to p38 kinase inhibition. The LV stroke volume and fractional shortening increased, which was consistent with improved RV parameters ( Figure 6D and Table 3 ). Dihydroethidium fluorescence, as a marker of Journal of the American Heart Association oxidation-reduction stress, was not significantly decreased by p38 MAPK inhibition ( Figure 6E ), consistent with p38 activation being primarily a downstream effect rather than an upstream cause of oxidation-reduction stress. Electrocardiographic analysis showed normalization of the QT interval with p38 inhibition ( Figure 6F ). These results support a mechanistic role for p38 activation in mediating the adverse doxorubicin+BYL719 effects on the heart and the potential for p38 MAPK inhibition as a therapeutic strategy.
Discussion
The emergence of targeted cancer therapies contributes to the cumulative risk for heart disease because they are often used in combination with chemotherapeutic agents, such as anthracyclines, and in patients with risk factors for heart disease. [4] [5] [6] [7] [8] [9] A striking example of this is the growing list of tyrosine kinase inhibitors indirectly blocking upstream or downstream PI3Ka signaling and direct PI3Ka inhibitors that Veh BYL Dox Dox + BYL Figure 5 . Activation of MAPK (p38 mitogen-activated protein kinase) with increased oxidation-reduction stress in diseased murine and human hearts. A, Representative Western blots from left ventricular (LV) and right ventricular (RV) heart tissue, 3.5-week protocol, show doxorubicin and BYL719-dependent increases in phosphorylated/total p38 MAPK in both ventricles of wild-type mice (n=6). B, Western blot in cardiomyocyte-specific p110a deletion (p110 alpha with LoxP sites only (flx) or also containing alpha Myosin Heavy Chain-Cre recombinase (Cre)) with 4 weeks of doxorubicin treatment showed doxorubicin-and doxorubicin+Cre-related p38 MAPK phosphorylation increases in the LV and RV, respectively (n=6). C, Dihydroethidium staining with quantification of dihydroethidiumpositive area shows a doxorubicin-dependent increase in oxidative stress (n=3-5). D, Female human myocardium from age-and sex-matched nondiseased donor hearts (Ctr; n=6) and nonischemic, extransplanted dilated cardiomyopathy (DCM; n=5) hearts show increased p38 MAPK activation in the LV and RV. E, Dihydroethidium staining with quantification of positive area showed increases in DCM hearts compared with age-matched, female Ctr (n=5 Figure 6 . Therapeutic inhibition of MAPK (p38 mitogen-activated protein kinase) in doxorubicin-and BYL719-treated mice. Mice were treated with doxorubicin+BYL719 for 3.5 weeks ( Figure 1G ) but randomized to receive a daily dose (5 d/wk) of the p38 MAPK inhibitor SB202190 (5 mg/kg). A, With p38 inhibition, body and heart weight (HW; relative to tibial length [TL]) reduction was attenuated, with trends toward retained body fat and total lean mass (n=9). B, Cardiomyocyte cross-sectional area reduction was attenuated with p38 inhibition in the left ventricle (LV) and right ventricle (RV), visualized by wheat germ agglutinin staining (n=5). C, Invasive, closed chest catheterization of the RV showed p38 inhibition increased relative RV ejection fraction (RVEF) and relative cardiac output (n=9). D, Echocardiography showed an increase in LV stroke volume (LVSV) and fractional shortening (LVFS) with p38 inhibition (n=9). E, Dihydroethidium-positive area was not significantly changed by p38 inhibition (n=4-5). F, Surface electrocardiographic recordings showed that p38 inhibition reduced QT interval duration (Bazett's correction; QTcB) (n=9). PV indicates pressure-volume. *P≤0.05 in 2-tailed, unpaired t test.
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Journal of the American Heart Association understand the type and mechanism of the cardiac risk of PI3Ka inhibition in combination with other perturbations or comorbidities. We chose to study female animals because of the high prevalence of female patients receiving PI3K pathway inhibitors, including trastuzumab, which acts on the HER2 receptor upstream of PI3K, as well as those in clinical trials for PI3K inhibitors. Sex dimorphic responses in heart remodeling are discussed below, but we have not investigated the different responses to PI3Ka inhibition/deletion in combination with anthracycline therapy in this current study. Using female murine models, we demonstrated that combined doxorubicin and PI3Ka inhibition resulted in increased mortality and a distinct biventricular remodeling (Figure 7) , documented by echocardiography and invasive pressurevolume analysis. Biventricular remodeling is best illustrated in the video images of the B-mode echocardiography. RV dilation and reduced fractional shortening with reduced cardiac output are matched to an LV with reduced chamber volumes, likely driven by ventricular interdependence with the potential role of cardiac atrophy. RV dilation and ventricular interdependence also likely lead to impaired LV filling and diastolic dysfunction. Invasive, closed chest measurement of the RV showed normal peak and filling pressures in the presence of PI3Ka inhibition and indicated that pulmonary artery hypertension was not present in our model, consistent with the lack of concentric cardiomyocyte hypertrophy in the RV and normal lung morphological characteristics. We recently reported that deletion or reduction of PI3Ka in cardiomyocytes causes accelerated dilation in a pressureoverload model because of dysregulation of the actin cytoskeletal-severing enzyme gelsolin. 44 We propose that PI3Ka inhibition/deletion may have a similar or even greater detrimental effect in pulmonary hypertension models in which the RV experiences increased afterload. Rodent models of doxorubicin toxicity often report dilated LV end-diastolic dimensions, [45] [46] [47] whereas we observed reduced LV dimensions in our long-term treatment using female mice, possibly because of sex dimorphic responses to these therapies (sex differences were previously reported in response to doxorubicin) 47 or differences in dosage protocols.
More important, our findings have been recapitulated by recent clinical studies showing reduced LV mass in response to anthracycline therapy in patients with breast cancer. 20, 21 Our chemotherapy regimen also resulted in significant weight loss and reduced heart mass and LV chamber dimensions; heart mass is normally closely correlated with body mass, and anorexia also causes reduced heart mass. 48 We observed weight loss despite normal feeding, indicating a catabolic state not driven by food aversion caused by the treatments. The LV may be partially protected from atrophy because of its higher systolic pressures, which activate prohypertrophy/ mass-maintaining signaling in comparison to the RV; consistent with this, in a tumor-driven cachexia model, RV mass was preferentially decreased. 49 In patients with advanced heart failure, cachexia correlated with reduced RV function and worse outcomes compared with patients without cachexia.
50 Surprisingly, we did not observe significant levels of terminal deoxynucleotidyl transferase-mediated dUTP nickend labeling staining, fibrosis, or inflammation in doxorubicinand/or BYL719-treated hearts, indicating that cell death was unlikely to be a significant driver of the biventricular remodeling and dysfunction that we observed. PI3K signaling is a well-known regulator of both cell death and muscle growth; in this study, the dominating phenotype was one of cardiac atrophy, but not cell death. We speculate that drug dose, duration, species, age, and sex could all influence the extent to which doxorubicin and PI3K inhibition have an end effect of cell death and/or muscle atrophy in the heart. Our recent findings (ie, current patients with breast cancer receiving trastuzumab and anthracycline therapy have reduced heart mass and biventricular dysfunction compared with sex-and age-matched controls) 19 support the translational relevance for our findings of heart atrophy in mice receiving doxorubicin and BYL719. The pathological processes connected to doxorubicin treatment combined with PI3Ka inhibition we have identified, including oxidative stress indicated by dihydroethidium staining and high levels of p38 MAPK activation, were present similarly in both the LV and RV ( Figure 5A and 5C) ; however, the end morphological changes were distinct between the 2 ventricles. The RV has several inherent differences from the LV, which may contribute to the distinct ventricular remodeling in response to chemotherapy and PI3K inhibition, potentially also in a sex-distinct manner. The RV has reduced defense against oxidation-reduction stress, 51 and molecular changes underpinning ventricular remodeling vary by type and magnitude between the LV and RV. 52, 53 Genetic variation in estradiol metabolism and androgen signaling is associated with RV morphological characteristics in a sex-specific manner. 54 RV cardiomyocytes are predominantly longitudinal in orientation, whereas LV myocytes are more radially orientated. 55 Sex differences in RV remodeling are also seen in obese women who exhibit RV remodeling with increased end-diastolic dimension, which is not present in obese men. 56 The clinical relevance of our findings is further strengthened by the observation from the INTERMACS (Interagency Registry for Mechanically Assisted Circulatory Support), in which patients with chemotherapy-related cardiomyopathy receiving Ventricular Assist Devices were predominantly women and more likely to require RV assistance. 57 Indeed, in patients with cancer, female sex is an independent risk factor for cardiac abnormalities after treatment with doxorubicin in association with a greater decrease in LV mass. 58 We identified that the activation of the p38 MAPK signaling pathway in both the LV and RV may underlie our observed phenotype in female hearts with cardiotoxicity. Doxorubicin can cause p38 activation in cardiomyocytes through negative modulation of the PI3K pathway and promotion of an atrophy gene program, 30 and p38 MAPK activation can have a direct negative inotropic effect at the level of myofilament Ca 2+ sensitivity. 59 Activation of p38 promotes increased energy expenditure and mitochondrial uncoupling in muscle, 31 and p38 inhibition has beneficial effects in models of muscle atrophy in tumor-bearing cancer cachexia models. 25, 60 In female human hearts with dilated cardiomyopathy, we found that both p38 MAPK activation and oxidation-reduction stress PI3K pathway inhibition resulting in biventricular heart remodeling were increased, with greater p38 activation in the RV compared with the LV hearts with dilated cardiomyopathy, possibly indicating an increased propensity for pathological p38 activation in the RV compared with the LV. In patients with cancer and tumor types and therapies that place them at a high risk for cachexia, PI3K inhibition may exacerbate and possibly potentiate pathological weight loss, potentially through increased p38 signaling. Activation of p38 has been linked with skeletal muscle atrophy in cancer cachexia 60 as well as heart dysfunction and remodeling, 61 and p38 MAPK inhibition may be beneficial for both heart 36,61 and cancer treatment. 62 A limitation of our current study is that we used cancer-free mice, so we have not addressed the additional effects that cancers can have on promoting cachexia. Also, the p38 MAPK inhibitor SB202190 has been reported to inhibit other kinases in vitro, 63 so we cannot rule out possible off-target effects contributing to the rescue phenotype we observed. Activation of p38 MAPK signaling is likely only one of many molecular changes contributing to pathological processes with doxorubicin/BYL719 treatment.
We have not assessed the effects of doxorubicin/BYL719 dual treatment on topoisomerase-IIb, a recognized mediator of doxorubicin-induced damage in the heart. 45 Interestingly, trastuzumab has been reported to cause downregulation of topoisomerase-IIb in cultured human cardiomyocytes 64 ;
future studies are needed to determine whether PI3Ka inhibition also has an effect on topoisomerase-IIb expression or regulation. To our surprise, FOXO1 signaling, which is implicated in skeletal muscle atrophy and regulated by PI3K signaling, 65 was not activated in the heart in this study. We have found previously that assessment of in vivo signaling through the protein kinase B axis downstream of PI3Ka requires close control of the input signals, perhaps the most dominant one being postprandial insulin signaling. In that case, fasting and carefully dosed administration of insulin were required to show that PI3Ka was required for protein kinase B activation. 27 Our current study prioritized heart function assessment with invasive cannulation of the LV or RV as terminal procedures, and we did not control prior feeding. Furthermore, isoflurane anesthesia, which was required for heart cannulation, can also activate the protein kinase B pathway. 66 For these reasons, we believe our current study provides a strong rationale for the relevance of PI3Ka inhibitors for the maintenance of heart mass and morphological characteristics; however, there is much more work to be done to fully understand the signaling cascades downstream of PI3Ka that are responsible for these effects, and we cannot rule out a relevant role for FOXO1. Our study shows that in female preclinical models, PI3Ka inhibition and doxorubicin resulted in marked RV dilation and dysfunction in the setting of weight loss and heart atrophy. These changes were linked to increased pathological p38 MAPK activation coupled with oxidation-reduction stress. We suspect that weight loss and adverse heart remodeling will be key safety indicators once PI3Ka inhibitors are used for extended periods. PI3Ka inhibition may soon become a mainstay in multidrug combination cancer therapy; a search for "PI3K" on clinicaltrials.gov yielded 472 studies, and "PI3K+cancer" gives 429 studies, most of which use a PI3K inhibitor, often in combination with other therapies. We believe there is a need for a clinical study of heart mass and biventricular morphological characteristics and function in a broad cohort of patients receiving PI3Ka inhibitors. Postmarketing surveillance of patients receiving PI3K inhibitors will also be crucial for assessing the "real-world" effects of these drugs when patients are included who may have been excluded from clinical trials because of compound cardiovascular risks. If PI3K inhibitors do cause heart remodeling in patients with cancer, such as heart atrophy and possible RV dilation, a further question will be to address under what circumstances these effects are reversible on discontinuation of treatment, and at what point these effects are permanent and possibly worsening after discontinuation of treatment. Our current animal study focuses on the PI3Ka isoform, although many PI3K inhibitors target multiple PI3K isoforms that are broadly expressed, creating the potential for additional adverse effects. Our study uses overlapping administration of anthracycline and PI3K inhibitor, but clinical trials of PI3K inhibitors do not currently combine these therapies at the same time; the significance of prior anthracycline therapy versus concurrent anthracycline therapy in combination with PI3K inhibitors for adverse effects on the heart is not clear. Concurrent administration of anthracyclines with mTOR inhibitors has been performed in patients, 67 and similar studies may eventually be performed with PI3K inhibitors. More studies are needed to fully characterize the significance of different PI3K isoform inhibition in combination with other cancer therapies and comorbidities.
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